The flying squirrel has a balanced amphibious ability on land and air, especially the ability to glide using their patagium, which makes it an excellent biomimetic object in the design and development of multimodal locomotion robots. This paper presents the study of aerodynamic characteristics and pitching adjusting mechanism of the flying squirrel with deployed patagium. A 3D geometric model of the flying squirrel with unfolded wing membrane was obtained using 3D scanning technique. Then a simulation analysis based on computational fluid dynamics software and a wind tunnel experiment on the animal specimen were carried out to analyze and evaluate the aerodynamic characteristics. After that, the pitching adjusting mechanism of flying squirrels during gliding was numerical simulated by establishing the pitching dynamics model. The results from above research not only enrich our understanding of gliding mechanism of flying squirrels, but also provide important biological inspiration for the design and development of multimodal robots in the future.
I. INTRODUCTION
Multimodal robots that are capable of both aerial and terrestrial locomotion are ideal scheme for reconnaissance or search missions in unstructured terrains, such as battlefields and disaster areas [1] - [3] . In recent years, some researchers illumined by nature have made an initial exploration. Peterson et al. [4] developed the DASH+Wings robot which perform better in running speed and maximum traversable incline by integrating a small hexapod robot with a flapping-wing air vehicle. The ICAROS robot presented by Dickson and Clark [5] shows the dynamic climbing and gliding capabilities. Shin et al. [6] developed a glidingwalking multimodal robot. Kovac et al. [7] inspired by bats, butterflies, locusts, designed the EPFL series robots with different deployable wings which use stored energy to jump and then glide to reach their destinations. Inspired by Desmodus rotundus, the multimodal robot developed by Daler et al. [8] The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu . uses a propeller and wings for flying, but folds its wings to employ its legs for walking.
Although these multimodal robots achieved their purposes, how to achieve balanced aerial and terrestrial locomotion performances remains a challenge. Compared to existing multimodal robots, flying squirrels possess the abilities of efficient and elegant operation and conversion between different motion modalities, [9] , [10] . While on the ground, flying squirrels utilize quadruped jumping and running with strong legs for excellent terrestrial locomotion. When in the air, flying squirrels stretch its limbs to deploy the patagium for maneuverable and long-range gliding. These balanced movements are possible because of its flexible wing membrane and the skill to control aerodynamic forces through the membrane [11] , [12] . We believe that if the similar mechanism of flying squirrels' locomotion is mimicked, the overall performance of multimodal robots can be considerably enhanced.
Up to now, the research on flying squirrels is mainly focused on the field of biology. Biologists assess the performance of flying squirrels by observing their gliding behavior.
Ref. [13] found that the horizontal gliding speed was 7m/s-13m/s and the maximum glide ratio was 3 by observing the animal from five different area. Ref. [14] calculated the parameters of 100 times wild gliding of flying squirrels and obtained the glide angle (26.8 • ) and glide ratio (1.98 ). Ref. [15] and Ref. [16] estimated the aerodynamic coefficients by tracking and rebuilding the glide trajectory with an average initial velocity of about 5 m/s with a high-speed camera.
Although these research have conjectured several aerodynamic characteristics of flying squirrels based on observing their gliding behavior, such knowledge is far from enough for analyzing the gliding mechanism of flying squirrels and designing bionic multimodal robots. We need direct studies on aerodynamic performance of flying squirrels with deployed patagium, however the related work has not been reported so far. In addition, Yeaton et al. [17] pointed out that the pitch angle is the control parameter for animals to adjust the gliding speed and trajectory, but it is unclear how flying squirrels control pitch angle to achieve attitude stability and adjustment during gliding. So this paper presents our research work on the aspects mentioned above.
In order to directly obtain the aerodynamic parameters of flying squirrels under deployed wing and study its pitching adjusting mechanism, a flying squirrel specimen with unfolded wing membrane was made and the 3D geometric model of specimen was obtained using 3D scanning technique in this paper. Then a simulation analysis based on computational fluid dynamics (CFD) method and a wind tunnel experiment on the specimen were carried out to analyze and evaluate the aerodynamic properties. After that, the pitching adjusting mechanism of flying squirrels during gliding was numerical simulated by establishing the pitching dynamics model.
II. SPECIMEN AND 3D GEOMETRIC MODEL A. THE FLYING SQUIRREL SPECIMEN
This paper selected an adult male southern flying squirrel (Glaucomys volans) with natural death to make specimen. To restore the morphological characteristics of flying squirrels when gliding as much as possible, we observed and recorded a large number of its gliding movement from different angles, and measured the weight and the center of mass of the fresh dead flying squirrel before making the specimen. After that, the dead flying squirrel was embalmed. Next, its limbs were stretched out and fixed towards the sides of body naturally according to the observation of unfolding patagium of the flying squirrel when gliding. And then, the dead flying squirrel was treated with dehydrating and degreasing. After these procedures, there was a small collapse in the abdomen of the body. Slight Silicones was injected into the collapsed area for plasticizing to restore the shape and keep the center of mass. In the end, installing rtificil eyes and grooming. We had retained almost all the biological characteristics of the flying squirrel in the whole process. Finally, a biological specimen of flying squirrels with deployed patagium were obtained, as shown in Fig. 1 . The morphology of this specimen is almost identical to that of the flying squirrel when gliding.
B. 3D GEOMETRIC MODEL
To accurately simulate the aerodynamic properties of flying squirrels in gliding state, it is necessary to obtain its 3D geometric model. It is important to choose a suitable scanner to digitize the flying squirrel entire body. The body of the sample is about 13cm in length and 20cm in width with wing membrane in full unfolding condition, and the tail length is about 9cm. With such as dimension, considering the simulation requirement of aerodynamic characteristics of the animal, the scanner's accuracy should be in µm range. So structured light 3D scanner (3DSS-MINI-III) made by Shanghai Digital Manufacturing Co., Ltd was selected for digitizing the biological specimen. The error of this scanner system is ±10µm. Since the flying squirrel is covered with hairs and has a dark brown back and tail, to increase scanning accuracy and good identification effect, the sample Glaucomys volans was treated using a white dye agent. After scanning, the point cloud data of the flying squirrel were processed by the software IMAGEWARE Surfacer to obtain the required geometrical data and 3D model, as shown in Fig.2(a) .
We should point out that the current investigation serves as a pre-study of further design for a bionic flying squirrel robot, the 3D geometric model obtained here differentiate, to some extent, from the specimen. First, the surface of the model is smooth, without considering the fur covering the whole body of the specimen. Second, the wing membrane of the model is rigid, while that of the flying squirrel specimen has some flexibility. Nevertheless, their main morphological characteristics nearly are identical.
III. SIMULATION OF THE AERODYNAMIC CHARACTERISTICS A. REYNOLDS NUMBER
Reynolds number is a dimensionless parameter used to characterize fluid flow in fluid mechanics and distinguish whether the flow of a fluid is laminar or turbulent. The aerodynamic properties of airfoil are different under different Reynolds numbers [18] , so it is necessary to select appropriate calculation model according to the Reynolds number for simulation. The Reynolds number can be obtained from the following formulas:
where ρ, µ, V and L are the fluid density, viscosity, velocity and characteristic length of gliders, respectively. According to Ref. [13] , Ref. [15] and Ref. [16] , it is known that the speed at which the flying squirrel glides is approximately 5m/s-11m/s. The characteristic length of gliders is about 0.22m. So the Reynolds number is 0.74 × 10 5 ∼ 1.63 × 10 5 , that belongs to the low Reynolds number range (10 4 ∼ 10 6 ) in the field of aviation. It indicates that the flow model of flying squirrels' gliding is a low Reynolds number turbulence model, and the corresponding solution formulas should be selected in the following simulation.
B. COMPUTATIONAL SETUP FOR CFD
The Shear Stress Transport (SST) k-ω turbulence model [19] [20] was adopted as solution formulas in this paper. This turbulence model combines the Wilcox k-ω model and k-ε model by blending functions, using the k-ω model in the near wall region and using the k-ε model in the far field. Therefore it is an effective blend of the high simulation accuracy for separation flow of the k-ω model and the low sensitivity to initial turbulence parameters of the k-ε model, and one of the most widely used turbulence models [21] - [24] . The studies of Ref. [25] and Ref. [26] indicate the SST k-ω turbulence model is more suitable for the calculation of flows with adverse pressure gradients and separation.
In a CFD analysis and simulation, in order to reduce the calculation task and ensure that the boundary interference is trivial to generate the reliable simulation results, a computational domain should be determined in a rationally limited space region as the air flow simulation environment.
Considering the shapes and sizes of Glaucomys Volans, this paper selected a cylinder as the computational domain. The dimension of the computational domain is 7m in length (about 32 times the glider's characteristic length), 6m in diameter (about 30 times the glider's characteristic length), as shown in Fig. 2 
In this paper, the software ICEM CFD was used to mesh the geometrical model. The model's surface grid was set as 2mm in view of the overall size of the animal sample, as shown in Fig. 3 (a). Six boundary layers were used on the surface of the model. The distance from the first layer of the grid to the nearest wall is 1mm, and corresponding non-dimensional distance y-plus is 30. According to the adaptivity to wall grid of the SST k-ω turbulence model [27] , [28] , this value of yplus is valid. The total grid cells number is 370624, and the grid cells around the body of the flying squirrel are refined, as shown in Fig. 3(b) .
At the entrance of flow field, the velocity-inlet boundary conditions were established and the flow velocity was set as 5m/s, 8m/s and 11m/s. At the outlet of flow filed, the outflow boundary condition was set. It is assumed that the outlet flow is in full development conditions and the gradient of other parameters at the outlet is zero except for pressure. The geometrical model's surface and other wall surfaces were set as no-slip wall.
C. VERIFICATION
To validate our computational setup, self-consistency tests were carried out to assure satisfactory independence of the force predictions with respect to mesh density. Meshes with different density grade were employed from a coarsest mesh (190890 cells) to a finest mesh (749864 cells). In Table 1 , we show the drag force, lift force for different mesh density calculated on the 3D model when the velocity is 8m/s and the attack angle is 40 • , and their relative errors evaluated with respect to the finest mesh (749864 cells). It can be seen from Table 1 that differences between the mesh with medium density (370624 cells) and the finest mesh (749864 cells) results are quite small, with variations of less than 1% on both the drag and lift force. Therefore, for the aerodynamic forces concerned, our computational setup of medium-mesh meets accuracy requirements. 
D. CFD SIMULATION RESULTS
The software ANSYS Fluent R16.2 was used for simulation of the aerodynamic characteristics, and the pressure and velocity distributions on the surface of flying squirrels at different speeds and angles of attack were obtained. When the velocity is 5m/s and the attack angles are −10 • , 20 • and 40 • respectively, the pressure and velocity distributions are presented in Fig. 4 . As viewed from Fig. 4 , with the increase of the angles of attack, the positive pressure area above the flying squirrel head gradually transfer to the abdomen; the negative pressure area on the lower surface gradually transfer to the upper surface; the differential pressure between the upper and lower surface gradually increase; the maximum pressure appear near the leading edge of the patagium. When the angle of attack is 20 • , the air flow of the tail of the flying squirrel start to be separated from the surface and cause disturbances; the negative pressure zone and pressure drag is developed. When the attack angle reaches 40 • , the area of separation is further expanded, resulting in larger pressure drag.
The curve of drag force, lift force and pitch moment with attack angles α under different velocities can be further obtained by fitting the aerodynamic data, as shown in ∼ 60 • . By comparison, it is found that the results shown in Fig. 5 have basically the same variation tendency as the aerodynamic force and torque curves [29] of rectangular thin plates with an aspect ratio of 1, but the rate of change is slower, which may be related to the special body shape of flyings quirrels.
The CFD simulation results indicate that angles of attack and velocities have important effects on aerodynamic distribution and value on flying squirrels, which means that the bionic gliding robot can make use of angles of attack and velocities to change its bearing force state for adjusting the gliding attitude and trajectory. In addition, the aerodynamic characteristics of the flying squirrel with deployed patagium are similar to those of rectangular thin plates, and this is of important reference value for the design of multimodal robots with flying squirrels as bionic prototype.
IV. WIND TUNNEL EXPERIMENT
To further analyze the aerodynamic properties of the flying squirrel with unfolded wing membrane, the wind tunnel experiment on the specimen was performed at the D1 opencircuit low-speed wind tunnel in Beihang University, China. The main specification parameters of the wind tunnel are shown in Table 2 . Neodymium magnets with mutual attraction were placed on the back of the flying squirrel and inside a bracket to secure the specimen to the bracket which was connected to the strain-gauge balance by a series of components, as shown in Fig. 6 . The wind speed is measured by pitot tube and angles of attack is changed by the attack angle mechanism during the experiment. The wind speed and attack angle mechanism both are controlled by upper computer, and the aerodynamic forces on the flying squirrel specimen are collected by the strain-gauge balance and stored on the upper computer. The overall structure and control system framework of the experimental platform are shown in Fig. 7(a) and Fig. 7(b) , respectively.
To obtain the aerodynamic forces under the different angles of attack, the rectangular coordinate frames {C F } and {C S } are built at the center of mass of the sample and the center of the strain-gauge balance respectively. When the angle of attack is α, the posture of the two coordinate frames can be presented in Fig. 8 . The relations between the drag force F D , lift force F L and pitch moment M on the flying squirrel and the force in the Z direction f z , the force in the Y direction f y and the moment in the X direction m collected by the balance are expressed as:
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where ρ and V represent the density and velocity of air respectively; S and L denote the area and length of wing membrane respectively.
Finally, according to (2) and (3), the drag, lift and pitch moment coefficients under the different angles of attack are calculated and compared with the results from CFD simulation, as shown in Fig. 9 . Obviously, that the results of wind tunnel experiment are basically consistent with CFD simulation. It is noticeable, however, that the lift slop, lift coefficient and the stalling angle of attack all are larger and the lift coefficient curve has hysteresis near the stall angle of attack in the results of experiment. There are many possible reasons for these differences, such as the difference in the turbulence level of inlet between wind tunnel experiment and CFD, and the neglect of fur and wing's flexibility of the specimen in the CFD simulation. The fur covering the body of flying squirrels can generate turbulence near the surface of body, helping to keep flow attached. Ref. [30] shows an experiment result that the plates covered with flying squirrel's fur had larger stall critical angles of attack and more flattened characteristics of flow separation than similar plates without fur. In addition, as compared with rigid wings, the compliantmembrane wings also generated more lift with higher lift slopes and delay of stall critical angles of attack as much as 10 • , according to the wind tunnel experimental results in Ref. [31] . Therefore, it is reasonable to think that the fur and wing's flexibility of the specimen may be the major factors that lead to the differences between the simulation and the experimental results. In the same way, these advantages of the patagium of the flying squirrel may provide a key guarantee for its excellent gliding ability [15] , [32] .
V. PITCHING ADJUSTING MECHANISM A. PITCH STABILITY COEFFICIENT
The attitude adjustment ability of flying squirrels during gliding is related to their own stability and controllability. The better the stability, the easier it is to maintain the gliding attitude because of the weaker turbulence. Conversely, The better the controllability, the easier it is to change the attitude, speed and trajectory of gliding through the deformation of the wing and movement of the tail. In general, the relationship between pitch moment and pitch angle can be represented by the three types of curves shown in Fig. 10 :
Curve 1: The pitch moment is negatively correlated with the pitch angle, and the change of moment caused by the pitch angle tends to prevent the further variation of pitch angle. The pitch stability under the type of curve 1 is better.
Curve 2: The pitch moment is positively correlated with the pitch angle, and the change of moment caused by the pitch angle tends to promote the further variation of pitch angle. The pitch controllability under the type of curve 2 is better. The pitch stability is related to the slope of the pitch moment coefficient curve at the equilibrium point, so the derivative of pitch moment coefficient can be used as the criterion of pitch stability [33] :
where C m,α represent the pitch stability coefficient. According to the pitch moment coefficient curve obtained in the section IV, the pitch stability coefficients are calculated at the different angles of attack, as presented in Fig. 11 . When the angles of attack is in the range of −10 • to 35 • , the pitch stability coefficients are all greater than 0, i.e., the pitching is unstable. When the angles of attack is in the range of 35 • to 60 • , the pitch stability coefficients are all less than 0, but the minimum value (−0.009) is much larger than the coefficient (about −1.3) of common aircraft. Therefore, compared to the artificial air vehicle, flying squirrels are more controllable and less stable. It is necessary to adjust the attitude in real time to ensure the pitch stability by the swing of the tail for the animal during gliding.
B. PITCHING DYNAMICS MODEL
To analyze the effect of tail's swing on pitch attitude of flying squirrels during gliding, a two-dimensional dynamics model in vertical plane is established in this paper. Our model makes the assumption that the aerodynamic contributions from the body and tail of flying squirrels are independent and additive. Similar assumption has been used in some studies and proved to be reasonable and feasible [34] - [36] . The coordinate system of the dynamic model consists of global frame {G}, body frame {B} and speed frame {C}, as shown in Fig. 12 . As for the frame {G}, the x {G} axis points horizontal forward direction and the z {G} points along the gravitational acceleration. Frame {B} and {C} both are set up on the center of mass O. In frame {B}, the x {B} axis is parallel with the body axis of the flying squirrel and the z {B} axis is perpendicular to the x {B} axis. In frame {C}, the x {C} axis is always pointing gliding speed and the z {C} axis is perpendicular to the x {C} axis. Angle θ between x {B} axis and x {C} axis represent the body's angle of attack. φ t and α t denote the angle between tail and body (counter-clockwise is positive) and the tail's angle of attack respectively. Point P acb and point P act denote the aerodynamic center of body and tail respectively. Point P rct represents the position of the rotation center of tail.
Since the drag forces always are in the opposite direction to the gliding speed, the aerodynamic forces expressed in frame {C} is
where, subscript i is either for b or t. Hereafter, subscript b and t are used to represent the body and tail respectively. Vector V G i denoting the velocity of aerodynamic center can be found from solving
where X G i is the position of aerodynamic center expressed in frame {G}.
Ignoring the mass of the tail, supposing the mass and inertia of the body are m and I respectively, the pitching dynamics equations of the flying squirrel during gliding can be expressed as:
where, u y = 0 1 0
g is the gravitational acceleration; P B acb and P B act are the positions of aerodynamic center of body and tail expressed in frame {B} respectively; R B C and R G C are rotation matrices from frame {C} to frame {B} and to frame {G} respectively.
C. PITCHING EQUILIBRIUM EQUATION
When the pitch angle is constant, (7) can be expressed as:
where, the rotation matrix R B C is
Assuming the position of rotation center of tail expressed in frame {B} is P B rct = x r 0 z r T , the position of aerodynamic center of tail expressed in frame {B} can be expressed as:
where l act represents the length between rotation center and aerodynamic center of tail. Supposing the position of aerodynamic center of body expressed in frame {B} is P B acb = x b 0 z b T , (5) and (9) can be combined and arranged as: where,
x r /l act and A 4 = z r /l act all are constants; C Lt and C Dt both are functions of (α b − φ t ); C Lb and C Db both are functions of α b . It can be seen from (12) , to keep the pitch attitude stable, the angle between tail and body needs to be altered as the body's angle of attack changing when flying squirrels gliding. In particular, whenẌ G = 0, the gliding enter a stable phase in which the angle of attack and glide velocity remain the same, and glide ratio (horizontal distance/vertical drop) keeping constant can be expressed as:
D. NUMERICAL SIMULATION
According to the aerodynamic characteristics curves obtained in the section IV, the relational expressions between lift, drag coefficient of body and the attack angles of body are
Assuming that the tabular tail has the same aerodynamic characteristics as the flat airfoil [37] , the relationship between lift, drag coefficient of tail and the attack angles of tail can be expressed as:
Using (8) and (12), gliding of flying squirrels was numerical simulated with MATLAB. The simulation parameters are tabulated in Table 3 . Simulation results indicate that, the velocities, angles and trajectory during gliding from a height of 10m at initial horizontal velocity 8m/s of a flying squirrel with wing loading (ratio of wing area to weight) 40 N/m 2 are presented in Fig. 13 . It can be seen from Fig. 13 (a) and (b) that the velocity, the body's angle of attack and the tail's swing angle all increase under the range of 0-1s and barely changes in the stable phase after 1s when the flying squirrel glide with keeping the pitch angle at 0 • . Fig. 13(c) shows, compared with a free-falling mass point which are launched with the same initial velocity, the animal travels 2.6 times as far horizontally as the mass point with the glide angle 20 • and glide ratio 2.9, which are consistent with what biologists have observed [13] , [38] .
With the same simulation parameters, the adjusting effects of tail were simulated as shown in The MATLAB simulation results indicate the pitching adjusting mechanism of flying squirrels during gliding. In addition to achieving the stable pitch attitude by swinging the tail up or down, flying squirrels can also actively control the gliding speed by changing the pitch angle using the tail. For instance, flying squirrels tend to slow down quickly before landing by raising their tail to minimize the impact force [39] . This is another important bio-inspiration for the design and development of bionic multimodal robots.
VI. CONCLUSION
In this paper, the aerodynamic characteristics and pitching adjusting mechanism of the flying squirrel with deployed patagium were researched. A flying squirrel specimen with unfolded wing membrane was made and the 3D geometric model of specimen was obtained using 3D scanning technique. Then a simulation analysis based on the CFD method and a wind tunnel experiment on the specimen were carried out. A series of pressure and velocity contours graphs and aerodynamic properties curves were acquired. After that, the pitching adjusting mechanism of flying squirrels during gliding was analyzed and numerical simulated with MATLAB by establishing the pitching dynamics model.
Through the studies above, we found that the aerodynamic properties of flying squirrels with deployed patagium are similar to those of rectangular thin plates, but characteristic of obvious delayed stall which could attributed to the special body shape, the wing's flexibility and the fur of flying squirrels. From the wind tunnel experimental results, we can see that the lift coefficient C L reaches the maximum value of 1.06, and the drag coefficient C D is 0.85, when the attack angle α is 45 • . According to Ref. [31] , these results are basically consistent with the measured values (C L = 0.95, C D = 0.81) of latex membrane whose aspect ratio is approximate to that of flying squirrels' patagium. However, in those experiments from Ref. [15] , flying squirrels were observed to glide under average angles of attack of 42.5 • , at which the lift and drag coefficients averaging were estimated to be 2.12 and 0.98, respectively. Compared to the flying squirrel specimen, the living flying squirrels appear to generate substantially more lift with only a slight increase in drag. This ability of the living flying squirrels may come from its active control of wing membrane, such as changing the angle of the leading edge of the wing by using of the thumb [40] , or altering tension on the membrane by contracting and expanding [41] . All these measures are helpful to improve the aerodynamic effect and increase the lift coefficient.
The research on pitching adjusting mechanism shows that, through the up and down swing of its tail, the flying squirrel can not only achieve the pitching stability in the gliding process, but also actively adjust the pitch angle to control the gliding speed and change the gliding trajectory. The results from studies above not only enrich our understanding of gliding mechanism of flying squirrels, but also provide important biological inspiration for the design and development of multimodal robots in the future.
The influences of wing membrane flexibility on the aerodynamic performance and the functions of tail on pitching adjustment are worth further analysis. We will make a series of 3D printing models with different flexibility of wing membranes and different tail's swing angles to investigate these problem by wind tunnel experiment in the next work.
